INTRODUCTION
In our previous papers 1 3 , a probability density functional method was proposed for calculating the removal force of any washing system in which both the soil adhesion force and soil removal force were assumed to follow a normal distribution, and the detergency of a solid soil, an oily soil, and a mixture soil was analyzed. The results showed that the assumption of a normal distribution for both the soil adhesion force and soil removal force was applicable to practical washing test results. The purpose of this paper is to analyze the washing test results obtained with various types of model soil by applying this probability density functional method. Generally, soils can be classified into three types: oily soil, water-soluble soil, and solid soil, and many studies have been conducted on each soil type in order to discuss the soil of protein soil from cotton fabric using immobilized protease on silica nanoparticles 12 . Otto studied the behavior of starch and protein soils during cleaning by using a flow cell 13 . As mentioned above, recent studies on the cleaning of water-soluble soil have focused on practical studies for the food related field.
In the field of study on oily soil removal, emulsion formation during various cleaning processes has garnered great attention as one cleaning mechanism. Srivastava studied the removal of oily soil components from commercially available soiled fabrics using a commercial nonionic surfactant system 14 and Phan studied the removal of vegetable oil using an extended surfactant 15 . Tongcumpou studied the removal of triolein by using a surfactant mixture system composed of a nonionic surfactant and two anionic surfactants 16 . Do studied the removal of vegetable oil and semisolid fats using a surfactant mixture system composed of an anionic extended surfactant and a branched surfactant 17 . Thathakit studied the removal of palm oil soil using a mixture of an anionic extended surfactant and a nonionic surfactant 18 , and Endo studied triolein removal using mixtures of a nonionic surfactant and ampholytic surfactant 19 .
Further, Wu studied the removal of oily soil by nanofluids 20 and Grbavčić conducted a cleaning test using lipase as an additive in detergent formulations 21 .
In order to analyze the mechanism of oily soil removal during washing, many studies have been conducted by applying various methods such as molecular dynamics simulations 22 , combined molecular dynamics and quantum mechanics 23 , lattice Monte Carlo simulations 24 , confocal laser scanning microscopy 25 , a scanning fluid dynamic gauging device 26 , and the quartz crystal microbalance technique 27 .
Recent studies on solid soil removal have focused on cleaning processes for hydrophobic and hydrophilic solid particle soils adhered to fabrics using surfactants 28, 29 , laser cleaning of charcoal particle cellulose paper 30 , cleaning of fine particles by high speed air jet 31 , and cleaning of spherical polystyrene latex particles adhered to a silica substrate by a megasonic wave 32 . Recent studies on the mechanism of solid soil removal are related to the detachment process analyzed by Monte Carlo simulations 33 and by the quartz crystal microbalance technique 34 .
Though metal-based soils such as oxidized iron can generally be classified as solid soils because of their insolubility in both water and organic solvents, they can be removed via dissolution in water with acid, a reducing agent, or chelating agent. As recent studies on the cleaning of metalbased soils by dissolution, Zhang 35 and Debnath 36 reported the dissolution of iron-based soil using ascorbic acid as a reducing agent, AI-Mayouf reported the dissolution of magnetite using ethylenediamine disuccinic acid as a chelating agent 37 , and Reichard studied the dissolution of goethite using organic acids and siderphores 38 .
As mentioned above, a lot of washing studies have ana- However, it is difficult to apply a single first-order reaction equation because the slope of the practical washing curve tends to be larger than the theoretical curve in the initial stages of the washing process, and the slope tends to be smaller than the theoretical curve in the latter stages. In order to address this problem, Kissa suggested a method of analyzing the washing process in which it is assumed that the washing process is a second-order chemical reaction 47 , but it is difficult to utilize the rate constant of the second order reaction as a washing power indicator. Bourne suggested a method of analyzing the washing process as the sum of two first-order chemical reactions 48 50 ; it was assumed that the difference between the two removal processes was mainly caused by the difference in the adhesion state of the soils. An additional theory was proposed by Yamada 51 , 52 who developed Bourne s theory by taking the redeposition effect of the soil into account. However, the reason why the soil should be divided into two groups is unclear, and their methods have difficulties in treating two or more rate constants. The probability density functional method referred to in this paper can be regarded as a kinetic method based on a first-order chemical reaction in which the kinetic constant of a soil is assumed to vary continuously according to a normal distribution, whereas two kinetic constants are assumed in Bourne s theory.
Herein, the soil removal mechanism is discussed from the viewpoint of the relationship between the standard deviation of the removal force σ rl and the kinds of soil by using particulate soils, water-soluble dyes, and oily dyes as model soils. The effects of agitation during the washing process are also discussed for each soil.
METHODS

Theory
The assumption is that soil removal is determined by the force of the removal action and the force of soil adhesion, both of which follow a normal distribution. This approach is similar to the reliability design method and risk calculation for a chemical compound. The former calculates the possibility of destruction of the architecture using the distribution of the resistance of the material and the distribution of the load to the material 53 , and the latter calculates the ecological risk using the distribution of the exposure values and the distribution of the toxicity values 54 . To apply these approaches to the field of cleaning, the removal percentage must be quantitatively related to the changes in the shape of the distribution curve during the washing process.
In this theory, it is assumed that the strength of the original soil adhesion and removal action follows a normal distribution. At first, the distribution of the adhesive force of the soil is defined as a standard normal distribution of which the mean value is 0 and the standard deviation is 1. Its distribution can be expressed by Eq.1:
where n is the washing cycle number n 0 indicates the unwashed condition , x is a probability variable, and π is a circular constant. Secondly, the strength of the removal action is defined as a normal distribution of which the mean value is μ rl and the standard deviation is ơ rl Eq. 2 .
In order to calculate the removal amount using the distribution of the adhesion force of the soil and the distribution of the removal force, the removal load ȹ is calculated by using Eq. 3, in which the cumulative distribution function of g x is subtracted from 1.
Thus, the distribution of the adhesion force of the removed soil by a given washing process can be obtained from the product of the distribution of the adhesion force of the soil before the washing process and the removal load. In the case of n 1, the distribution of the adhesion force of the removed soil can be expressed by Eq. 4. In addition, the distribution of the adhesion strength of the removed soil with n cleaning cycles R n x can be expressed by the product of the distribution of the adhesion strength of the residual soil of the n 1 washing cycles and ȹ Eq. 5 .
The removal efficiency is the ratio of the amount of removed soil to the amount of adhered soil before washing, and can be expressed by the change in the peak area of the distribution of the adhesion force. The ratio of the amount of soil removed by n cleaning cycles R n can be calculated by integration of f Rn x Eq. 6 and the removal efficiency for n cleaning cycles Dn can be expressed by Eq. 7, in which the integrated value of A 0 x 1.
Additionally, the distribution of the residual soil can be obtained by subtracting the distribution of the adhesion force of the removed soil from that before cleaning. In case of n 1 and n 1, the situation can be expressed by Eq. 8 and Eq. 9, respectively.
Using this theory, the distribution of the removed soil and residual soil can be predicted, which enables us to calculate the amount of removed soil and the removal efficiency. The removal efficiency with four repetitive cleaning cycles D 1 to D 4 was calculated by varying μ rl and σ rl . The calculation range was set to -5 to 5 for μ rl and 0.01 to 10.01 for σ rl . Compared with the removal efficiency obtained from the washing test, the optimum values of μ rl and σ rl were determined by using the least squares method 
Preparation of soiled fabrics
Iron oxide Fe 2 O 3 , Toda Kogyo Co., Ltd., average particle diameter: 0.10 μm and carbon black Sentaku Kagaku, particle diameter: 20 130 nm were used as the model solid Fig. 1 Graphical interpretation of probability density function method.
particle soils. A liquid dispersion of iron oxide was prepared by dispersing 0.4 g of iron oxide in 1 L of distilled water through ultrasonic treatment at 28 KHz for 20 min. Iron oxide soiled fabric was prepared by stirring 20 pieces of cotton bload fabric 50 50 mm in 1 L of the liquid dispersion of iron oxide using Terg-O-Tometer Daiei Kagaku Seiki Co., Ltd., TM-4 . The soiling procedure was conducted for 5 min at 30 with agitation at 120 rpm. After the soiling process, the fabrics were rinsed with distilled water and dried at room temperature.
A liquid dispersion of carbon black was prepared by dispersing 5.0 g of carbon black in 1 L of 2-propanol. Carbon black soiled fabric was prepared by shaking 25 pieces of cotton bload fabric 50 50 mm in 1 L of the liquid dispersion of carbon black by using a shaker AS ONE Co., Ltd.; AS-1N for 1 min at a shaking rate of 300 times/min. After the soiling process, the fabrics were rinsed with 2-propanol and dried at room temperature.
Dyes were used as model water-soluble soils and model oily soils. The soiling liquid was prepared at various concentrations in an organic solvent. A fabric sample was spread on a pinholder for Japanese IKEBANA use and 500 μL of the soiling liquid was uniformly dripped onto the fabric using a micro-pipette. After the soiling process, the fabrics were dried at room temperature.
Washing test
Washing liquid was prepared by dissolving 3.0 g of sodium dodecyl sulfate SDS, Wako chemical in 1 L of distilled water. Five pieces of soiled fabrics were washed in 1 L of washing liquid using a Terg-O-Tometer. Washing was conducted for 5 min at 30 with agitation at 120 rpm. The washing process was repeated four times under the same washing condition. After each washing process, the soiled fabrics were rinsed with 1 L of distilled water without mechanical power.
Detergency evaluation
The surface reflectance was measured by using a color difference meter Nippon Denshoku Industries Co., Ltd., ZE-2000 and the K/S value was calculated from Eq. 10; the removal percentage was calculated from Eq. 11.
Here, K is the coefficient of reflectivity, S is the coefficient of light scattering, R is the observed fraction of reflected monochromatic light, D is the detergency, K/S s is the K/S value of the soiled fabric before washing, K/S w is the K/S value of the soiled fabric after washing, and K/S o is the K/S value of the un-soiled white fabric.
RESULTS AND DISCUSSION
Preparation of test fabrics soiled with dyes
The optimum methods of preparing soiled fabrics using dyes as model soils were studied. The samples were prepared by dripping the soiling liquid onto the fabrics 50 50 mm and drying them.
It was necessary to use an organic solvent instead of water in preparing the test fabrics soiled with a water-soluble dye. When water is used as the solvent, the fabrics tend to be soiled unevenly because water is relatively hard to volatilize and this tendency causes uneven drying. Therefore, an organic solvent is required to prepare the soiling liquid because of its easy volatility. Consequently, the optimal methods for preparing the soiled fabrics were investigated, where the type of dye, solvent, fabric, etc., were varied. Moreover, to calculate σ rl and μ rl , the variation of the removal percentage over four repeated washing cycles must be determined.
The results relating to oily dye and water-soluble dye are shown in Table 1 and Table 2 , respectively. The samples soiled with oily dye were optimally prepared by using Sudan IV, Sudan III, and Oil Red O as model oily soils and the most suitable fabric for oily dye was determined to be polyester taffeta. The samples soiled with water-soluble dyes were optimally prepared by using Direct Red 79, Direct Red 81, Direct Red 89, and Fast Red A using cotton broad as the fabric substrate.
The optical characteristics of the soiling liquid were also investigated. When the concentration of the dye in the soiling liquid is too high, the dye tends to aggregate, which affects the color. Aggregation of the dye disrupts the proportional relationship between the amount of adhered soil and the K/S values because the phenomenon of aggregation affects the reflectance of the soiled fabric. Because the quantitative removal of the soil is indirectly calculated from the K/S values in this study, the conditions for preparing for the soiled fabrics under which aggregation of the dye does not affect the reflectance were determined. Thus, the concentration of soiling liquid was determined according to the concentration range in which the proportional relationship was maintained Table 3 .
Values of σ rl and μ rl for various soiled fabrics
The values of σ rl and μ rl for ten kinds of soiled fabrics were calculated from the variation of the removal percentage over four repetitive washing cycles Table 4 . First, μ rl increased as the removal percentage increased; the value of σ rl is related to the specific properties of the soil. The values of σ rl for water-soluble soil are larger than those of particulate soil and smaller than those of oily soil. Particularly, σ rl for carbon black was much smaller than that of iron III oxide. The small σ rl indicates a small increase in the rate of removal after the first washing cycle. In other words, most of the removable soil is removed in the first washing cycle, and a small portion of the residual soil can be removed from the second to fourth washing cycles.
The variation in the expected distribution of residual soil is shown in Fig. 2 . A certain amount of the oily dyes tended to be removed with increasing washing time. Regarding the adhesion state of the soils on the fiber surface, iron oxide and carbon black are physically adsorbed on the fiber surface and the fiber interstice. The water-soluble dyes and oily dyes adhere to the surface of the fiber in the form of a film. This fact demonstrates that oily dyes can be removed through solubilization or emulsifying processes that are relatively unaffected by any particular chemical bonding force between the soil and the fabric substrate. Water-soluble dyes are expected to be removed through dissolution of the dyes into water. However, the water-soluble dyes used in this experiment are expected to have some chemical bonding forces such as hydrogen bonding or ionic bonding with cellulose molecules as these dyes were se- Stability  3  3  3  3  3  3  3  3  1  3  3   Affinity with solvent  Methanol  3  2  3  3  3  3  2  2  3  3  2   Ethanol  3  2  3  1  3  1  1  1  1  1  3   Regularity of dyeing  2  3  3  1  3  3  2  3  3  2  3 Removal resistance
Polyester taffeta 1  1  1  1  1  1  1  1  1  1  1   Cotton kanaquin  3  2  2  3  3  3  2  2  3  3  2   Cotton bload  3  2  3  3  3  3  2  2  3  3  3   Practical availability  2  1  3  1  3  3  1  1  1  2  3 3: Good, 2: medium, 1: Bad
A. Fujimoto, T. Tanaka and M. Oya
lected because of a certain resistance against washing. Particulate soil is expected to have a wide adhesion power range. The greater adhesion power of particulate soil is caused by tangling into the fibrous structure of the fabric.
3.3 Effect of agitation speed on the detergency of each soil 3.3.1 Effect of agitation speed on the detergency of solid soil Table 5 shows the removal efficiency of the solid soils at each agitation speed and the parameters obtained. The 
Analysis of soil cleaning process by PDF-method
removal efficiency and μ rl both increased with increasing agitation speed in the case of iron oxide and carbon black. Thus, the washability of the solid soil increases with increasing agitation speed. On the other hand, the ơ rl values for iron oxide and carbon black remained almost constant with variation of the agitation speed. This tendency indicates that the gradient of the removal load does not change with mechanical power in the washing process using the Terg-O-Tometer.
Because the shapes of the soil adhesion distributions were similar at all agitation speeds Fig. 3 , it can be supposed that the fundamental cleaning mechanism did not change when the agitation speed was changed. Because the value of ơ rl for carbon black was very low, it is expected that the removal of carbon black from the fabric is determined largely by the agitation speed.
Effect of agitation speed on the detergency of water-
soluble soil The efficiency of removal of water-soluble soils at each agitation speed and the calculated parameters are shown in Table 6 . When the agitation speed increased, the values of μ rl for Direct Red 79 and Fast Red A increased slightly, whereas the values of μ rl for Direct Red 81 and Direct Red 89 were constant. It can be concluded that the effect of mechanical action on the value of μ rl will be relatively small for water-soluble soils.
The ơ rl values also tended to be almost constant at all agitation speeds. Therefore, it is thought that the mechanism of removal of the water-soluble soils did not change with increasing agitation speed, similar to the case with solid soil. From this result it can be assumed that dissolution of the water-soluble dye into the washing solution and the desorption of the soil from the fiber would be accelerated when the agitation speed increased. 3.3.3 Effect of agitation speed on the detergency of oily soil The results of the washing test with oily soils are summarized in Table 7 . Both the removal efficiency and the μ rl values increased with increasing agitation speed for all oily soils. In the case of Oil Red O, the ơ rl value decreased with increasing agitation speed. This indicates that solubilization and emulsification will take place mainly on the fiber surface at low agitation speed and that solubilization and emulsification will be promoted from the interior of the fiber at high agitation speed.
3.4 Effect of surfactant and drying process on cleaning behavior of carbon black soil As mentioned above, an extremely small value of ơ rl was obtained in the cleaning of carbon black soil. To determine the factors contributing to this peculiar behavior of carbon black, it was hypothesized that the interaction between carbon black and the surfactant in the drying process might weaken the cleaning effect in the second or subsequent washing cycles; thus, the following experiment was conducted. First, 500 mL of 3.0 g/L sodium dodecyl sulfate SDS was prepared and five test fabric samples soiled with carbon black were immersed in the SDS solution for 5 min at 30 . After the immersion process, the soiled fabrics were dried under ambient atmosphere without rinsing. The fabric samples were washed in 1 L of 3.0 g/L SDS aqueous solution using a Terg-O-Tometer; the process was carried out for 5 min at 30 with agitation at 120 rpm, and the soiled fabrics were rinsed with 1 L distilled water without mechanical power and dried under ambient atmosphere. After drying, the surface reflectance was measured to calculate the detergency. Thus, it was confirmed that the detergency of the SDS solution for carbon black decreased due to the pre-immersion treatment SDS in Fig. 4 .
In order to confirm whether this phenomenon could be reproduced with any anionic surfactant, experiments were performed with 1 L of 0.1 g/L sodium linear alkylbenzene sulfonate LAS and 0.3 g/L sodium oleate as both the immersion solution and washing solution. The results show that the process of pre-immersion in anionic surfactants and drying tends to decrease the washability of carbon black. The concentrations of all the anionic surfactants were adjusted to the critical micelle concentration. An experiment was also conducted using distilled water and SDS solution for the pre-immersion process and washing process, respectively distilled water in Fig. 4 , and the results showed that the pre-immersion and drying process itself tends to decrease the detergency of carbon black. However, it was observed that the decrease in the washability due to pre-treatment was most significant when SDS solution was used as the pre-immersion liquid.
In order to clarify the specific relation between SDS and carbon black, four repetitive washing tests were conducted to calculate σ rl by using 0.1 g/L LAS and 0.3 g/L sodium oleate as the washing liquid. Table 8 shows the results of the washing experiment using the three kinds of anionic surfactants. The value of σ rl for SDS was extremely small compared to that of the other two surfactants for which the σ rl values 0.30 and 0.45 were close to that of iron oxide 0.37 . With regard to the dispersibility of carbon black in the presence of the anionic surfactant, Okuyama 55 reported that the dispersibility of carbon black decreases in high concentration LAS solution. At high concentration of the anionic surfactant, the dispersibility is thought to be affected by the electrolytic power of LAS and the decrease in the hydrophilicity due to bilayer adsorption of LAS to carbon black. Tamaki 56 also reported that the dispersibility of carbon black decreased at high SDS concentration. In this study, the concentrations of the surfactants were controlled to near the respective critical micelle concentrations cmcs , therefore SDS was used at a much higher concentration than the other surfactants. Therefore, it can be easily presumed that the electrolytic effect of SDS was greater than that of the other surfactants. It is also conceivable that the hydrophilic group of SDS may be adsorbed to the SDS-carbon black complex in the first washing process during the four-cycle washing process. Therefore, we can presume that the low σ rl of SDS in this study was caused by a decrease in the hydrophilicity due to the electrolyte effect and bilayer adsorption of SDS on carbon black, as suggested by Okuyama 55 . We can conclude that the extremely small value of σ rl for the combination of SDS and carbon black soil can be regarded as an exceptional case.
CONCLUSION
Washing tests were conducted using test fabrics soiled with carbon black, iron oxide Fe 2 O 3 , water-soluble dyes, and oily dyes in order to calculate the mean value μ rl and the standard deviation σ rl for the distribution of the removal force. The results show that the value of σ rl is related to the characteristics of the soil, following the order: oily soils water-soluble soils particle solid soil. If Fig . 4 Effect of immersion treatment on the detergency of carbon black. Distilled water: immersed in distilled water and washed in SDS solution a specific value of σ rl is determined for a given washing system, the removal percentage can be derived from the value of μ rl . Increasing the agitation speed increased the μ rl values of the solid soils and oily soils, whereas the μ rl values were almost invariant for the water-soluble soils. On the other hand, the ơ rl value of Oil Red O decreased with increasing agitation speed, which indicates that solubilization and emulsification from the interior of the fiber was promoted by increasing the agitation speed. Thus, the changes in the removal mechanism of any soil with variation of the stirring speed can be estimated by monitoring the value of ơ rl . 
